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Carbon linear atomic chains attached to graphene have experimentally been produced. Motivated
by these results, we study the nature of the carbon bonds in these nanowires and how it affects
their electrical properties. In the present study we investigate chains with different numbers of atoms
and we observe that nanowires with odd number of atoms present a distinct behavior than the ones
with even numbers. Using graphene nanoribbons as leads, we identify differences in the quantum
transport of the chains with the consequence that even and odd numbered chains have low and high
electrical conduction, respectively. We also noted a dependence of current with the wire size. We
study this unexpected behavior using a combination of first principles calculations and simple mod-
els based on chemical bond theory. From our studies, the electrons of carbon nanowires present a
quasi-free electron behavior and this explains qualitatively the high electrical conduction and the
bond lengths with unexpected values for the case of odd nanowires. Our study also allows the un-
derstanding of the electric conduction dependence with the number of atoms and their parity in
the chain. In the case of odd number chains a proposed π -bond (MpB) model describes unsatu-
rated carbons that introduce a mobile π -bond that changes dramatically the structure and transport
properties of these wires. Our results indicate that the nature of bonds plays the main role in the
oscillation of quantum electrical conduction for chains with even and odd number of atoms and also
that nanowires bonded to graphene nanoribbons behave as a quasi-free electron system, suggesting
that this behavior is general and it could also remain if the chains are bonded to other materials.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869858]
I. INTRODUCTION
The search for nano devices received a boost since
the discovery, production, and the characterization of stable
graphene1 and intense efforts are under way to understand
this material due to its unique electronic properties.2 The ad-
vances in experimental techniques3, 4 allow the production of
graphene nanoribbons (GNRs) for practical applications, such
as transistors.5–7 On the theoretical side, a study generated
the expectation that graphene nanoribbons would show half-
metal behavior,8 motivating others’ works to search ways to
achieve complete polarization in nanoribbons by the use of
structural defects or impurities.9, 10
The search for 2D graphene, 1D nanotubes, and thin
graphene nanoribbons have opened interesting new avenues
for carbon-based devices. Atomic carbon chains, which are
truly 1D systems, were potential candidates to be used as
components of molecular devices. Such systems expected
to have either polyyne (···C≡C−C≡C−C···) or cumulene
(···C=C=C=C···) type structures have not received much at-
tention until Jin et al.3 demonstrated a method of produc-
tion of carbon chains attached to GNRs. These new 1D car-
bon structures were produced with irradiation techniques,
used previously to produce metallic atomic chains,11 in which
an electron beam of a high resolution transmission electron
microscope (HRTEM) was used to thin a GNR producing
nanowires (NWs) that were linear atomic chains of carbon
atoms attached to GNRs.3 This is an extreme case of defect
formed from the extraction of atoms from edges of GNRs.
This validates the possibility to use these structures to de-
sign devices in similar ways as the experimental attempts with
graphene5 and nanoribbons.6
That experimental research3 motivated the understand-
ing of conduction properties of NWs attached to graphene.
There are theoretical studies that addressed the description of
the electronic, bond length, and transport properties of these
nanowires. Two works studied the quantum transport using
metals12 and graphene13 as electrodes attached to the carbon
nanowires. These studies indicated that NWs with even num-
ber of atoms (even-NWs) present bonds with short and long
lengths suggesting a structure such as polyyne. In the case of
nanowires with odd number of atoms (odd-NWs), they sug-
gest a cumulene type structure. These works also indicated
the independence of the general transport properties with the
nature of the electrodes (metal or not). Other work addressed
the problem of a NW using GNRs as electrodes14 and showed
that in one odd-NW there is a high current with a spin polar-
ization in the transmission. More recently, some works stud-
ied the quantum transport in carbon chains adding impurities
(such as nitrogen) and using a lithium surface as electrode.15
Another recent work addressed the use of polyacetylene as
spin filtering.16
Although some studies about NWs were published, a
complete explanation about their properties, such as bond
lengths, magnetism, and quantum transport dependence with
the number of atoms in the NW, was not provided. Here, we
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address these questions using ab initio density functional the-
ory (DFT) calculations along with simple and intuitive models
based on the role of p-orbital interactions. One model consid-
ers that π -bonds can hop between atoms and this condition
can be the reason for bond lengths of odd-NWs to be shorter
than the even-NWs case. The other model considers that elec-
trons are free and the space around the chain is occupied by
electrons described by the one dimensional quantum box so-
lution. Furthermore, we also implemented a bond multiplicity
calculation from the DFT electron density, which allowed the
estimation of the bond strength between the carbon atoms.
The study of odd and even nanowires from a chemical
bond point of view is important because in previous works
the bond length behavior of carbon nanowires has been asso-
ciated with polyyne and cumulene structures. The experimen-
tal results that motivated the present work produced nanowire
chains estimated to have 16 atoms attached to GNRs.3 The ex-
perimental resolution in that work did not allow the informa-
tion of the type of bonds for the chain carbons. We addressed
this question with the study of carbon NWs attached to GNRs
for different lengths, from 8 to 19 carbon atoms. We also in-
vestigated whether the electron densities calculated from DFT
represent the previously proposed structures polyyne and cu-
mulene by calculating the bond multiplicity of these NWs.
Our DFT results indicate that the wires cannot be explained by
the polyyne and cumulene structures, because the π -bonded
electrons are completely delocalized in the wire structure.
We also compared the DFT calculated bond lengths with
the results of the MpB model, based on mobile π -bonds, to
explain the behavior of odd-NW bond lengths. The electronic
states calculated by the molecular orbital theory (MOT) and
the DFT were compared, indicating a good agreement with
an almost free electron model description. The understanding
of properties with this combined approach should also help
in the search of parameters for other simple models that give
good description for carbon systems, such as tight binding.17
We also investigated the dependence of electronic trans-
port properties with the wire size. From a classical point of
view it is expected that current decreases with the length of
the conductor. The odd-NWs present a current that decreases
with the wire size, in agreement with a classical conductor be-
havior. On the other hand, even-NWs present an enhancement
in the current values with the increase of nanowire size. Con-
ductance results show that as the number of atoms increases,
empty available states approach the Fermi energy. Therefore,
this quantum effect, which occurs differently for the two spin
directions, explains this unusual behavior.
The present text is organized as follows: Sec. II presents
the calculation details; Sec. III discusses the DFT calculations
and the comparative analysis with the MpB model; Sec. IV
presents results analyzed with the bond multiplicity approach;
and Sec. V presents first principle transport calculations and
analysis. Finally, Sec. VI provides conclusions and perspec-
tives given by the present work.
II. CALCULATION DETAILS
Electronic and transport properties of carbon NWs cou-
pled to GNRs were calculated using the SIESTA18 and the
FIG. 1. Structure of nanowire and GNRs used in this study. The numbers
around the wire are labels indicating the bond index (BI) and are used in
other figures. The numbers at electrodes denote the number of atoms and
define the width of GNRs, similar to other works.22 Atomic chains studied in
this work have the number of atoms Na varying from 8 to 19.
TRANSIESTA19 codes that are based on DFT20 and non-
equilibrium Green’s functions.21 The size of the nanowires
studied varied from 8 to 19 atoms. The GNRs and the
NW are shown in Fig. 1. The edges are hydrogenated to
avoid interference of defective unbound σ states. Here, we
considered a zigzag edge to include magnetic effects (re-
lated to half metal properties). After obtaining the GNR
structures with the lowest energy, they were used as elec-
trodes for the electronic structure, transmittance, and current
calculations.
The structural calculation of wires was performed fix-
ing the atom positions in the GNR electrodes (gray shaded
regions in Fig. 1 with 42 atoms each). The other regions
of the structure, the scattering region, including the NWs,
were allowed to relax for the optimal structure. This region
was constructed with additional GNR atoms (170 atoms)
plus the wire carbon atoms (the number of atoms in the
NW varied from 8 to 19). The total number of atoms var-
ied from 262 to 273. To find the optimal chain confor-
mation, we stretched the chain until finding the structure
with the lowest energy. In each stretching step, we exe-
cuted a SIESTA calculation with a pseudopotential with Per-
due, Burke and Ernzerhof-Generalized Gradient approxima-
tion (PBE-GGA),23 a double-ζ polarization basis (DZP), a
meshcutoff of 250 Ry, and a k-grid with 1 × 1 × 6 points.
The forces on the atoms are lower than 0.02 eV/Å. After
the structural calculations, we performed quantum transport
studies. The contour is important to the electronic density
calculation.19 We used 80 points in the semi-circle part of
the contour, 10 points in the line part above the Fermi level,
3 poles at the Fermi level, and 50 points for the non-
equilibrium calculation at finite bias. The electronic density
was considered converged with a tolerance of 5 × 10−4.
One of the simple models used to understand features de-
scribed by the DFT is briefly presented. The bonding in sim-
ple carbon chain atoms can be described by the theory of the
multiplicity of bonds. The use of this theory provides a quan-
titative way to calculate the formation of single, double, and
triple bonds. This information is relevant to understand the
bond length of the atoms. In the present study this theory of
multiplicities uses the electron densities provided by the DFT
calculations, therefore it can be viewed in the same footing as
the complete DFT calculations. Here, we follow the work of
Nalewajski and Mrozek.24–26
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The multiplicity is calculated by
bAB = V covAB + wABA
(
V ionA + V covA
)+ wABB (V ionB + V covB ),
(1)
wXYX =
VXY∑
Z =Y V
cov
XZ
, (2)
where the V cov/ionA/B represents the valence of the atoms and
the wXYX is the weight of the contributions of V
ion/cov
X . The
ion(cov) index is related to interactions between the same
(different) atomic orbitals. The α and β indexes represent the
spins of the electrons. The values of V cov/ionA/B are calculated
from
V ionA =
1
2
NA∑
i
{−(nA)2 + (Pαii)2 + (Pβii)2}, (3)
V covA =
NA∑
i<i ′
NA∑
i ′
{(
Pαii ′
)2 + (Pβii ′)2}, (4)
V ionAB = −nAnB, (5)
V covAB =
NA∑
i ′
NB∑
i
{(
Pαii ′
)2 + (Pβii ′)2}, (6)
where P is the result of the difference of the matrix of charge
and bond order of the molecule with the formed bonds (P) and
the molecule without the bonds formed (P0). In other words,
this matrix takes into account the changes due to chemical
bond formation. This matrix is calculated from the DFT den-
sity matrix. Appendix A contains the details for the P calcu-
lation.
In the case of molecules where there is charge conserva-
tion, terms nA and nB do not contribute significantly and
can be omitted (these terms are important in metallic materi-
als). The results obtained from Eq. (1) for simple molecules
of C2HX, with X = 2, 4, 6, and benzene C6H6 are displayed
in the Table I. The comparison with results of previous work
shows good agreement. This method accounts for multiplici-
TABLE I. The results of multiplicities bAB for simple molecules.
Total valence bAB
Molecules PWa N-Mb Bonds PWa N-Mb
C2H6 7.15 7.21 C−C 1.07 0.82
C−H 0.96 1.00
C2H4 6.10 6.15 C−C 2.01 1.96
C−H 0.97 0.96
C2H2 5.05 5.06 C−C 3.01 2.99
C−H 0.99 0.93
C6H6 15.72 15.72 C−C 1.49 1.43
C−H 0.95 0.88
aPresent work.
bNalewajski and Mrozek.24–26
ties, and will be useful to understand the bond formation on
the carbon NWs studied in the present work.
III. THE MpB DESCRIPTION OF NW STRUCTURE
This work presents a study of electronic structure of car-
bon nanowires with linear atomic chains attached to graphene
nanoribons. These calculations were carried out with the
ab initio DFT based SIESTA code. The technical details of
these calculations were discussed in Sec. II. Our first princi-
ples results show that the bond lengths are related to the NW
size. The bond lengths of odd-NW are very different from the
even-NW ones. By observing Fig. 2(a), the even cases present
alternating long and short bond lengths that could be due to
the presence of single (just one σ ) and triple (one σ and two
π ) bonds between carbon atoms in the wire,27 indicating the
formation of a polyyne type structure. However, in the odd
case of Fig. 2(b), the chains present a length alternation that
FIG. 2. Bond lengths of carbon nanowires. The graphs display bond lengths
as a function of the bond index, for even and odd numbered wires as pre-
sented in Fig. 1. The even nanowires display bond lengths with alternating
sizes, presenting long and short bonds, indicating the formation of simple
and triple bonds. The atoms located near of borders present bonds of 1.26
and 1.35, respectively, and they tend to change to values of 1.28 and 1.34 as
we progress towards the middle of the wire. Odd nanowires show a different
length behavior with long and short bonds converging to an average value
towards the center.
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tends to an intermediate value at the middle of the nanowire,
a value close to the average of the lengths of long (single) and
short (triple) bonds.
This type of behavior was interpreted previously as a
competition between cumulenic and polyacetylenic struc-
tures. Near the tips, there is a C−C/C≡C bond alternation.
In the center of the chain, a mismatch forces the change from
a polyacetylenic to a cumulenic structure. The mismatch oc-
curs as a consequence of a reminiscent soliton formation.28
From our studies, we suspect that the bond length be-
havior could be related the a π bond resonance between
carbon atoms. One example of the resonance effect in lin-
ear chains is the case of tert-butylpentadiynylidene and
dimethylpentadiynylidene,29 where computational and exper-
imental studies indicated this behavior. In agreement with
other works,28 our results suggest that the bonds present a res-
onance effect.
In order to study the resonance we considered only the
formation of (C−C) or (C≡C) bonds in the chain. The odd-
NW case shows that the carbons cannot satisfy the formation
of four bonds and one carbon atom remains with unsaturated
bonds (only two σ bonds). From electronic structure analy-
sis, this unsaturated bond is very mobile along the chain (res-
onance), which leads to the formation of a mobile π -bond
(MpB) among the carbons to avoid the formation of one un-
saturated carbon atom. This is quite different from the even
case in which all carbons have four chemical bonds each,
therefore all bonds are satisfied. Here, the effect of the mo-
bile π -bond could be described by the MpB model which is
based on a previously used idea of resonant structures for con-
jugated π bonds in organic systems with linear chains.28 The
details of the MpB Model are discussed in the supplementary
material.34 The results of this model are compared with the
DFT bond lengths in Fig. 3 showing good agreement. There-
fore, the presence of a resonance in the π bonds allows the
chains to have a hybrid polyyne type formation.
To further understand the DFT results of the NW+GNR,
we also studied the finite linear carbon chains, such as CxH2
with the same number of carbon atoms. The comparison be-
tween the results of CxH2 and the NW+GNR can provide
information about the influence of the GNR on the NWs. It
is important to note that the C–H termination, in the case
of CxH2 molecules is determinant for bond formation, be-
ing a single bond, it determines that other bonds have to
compensate and the polyyne structure is favored.30 For the
FIG. 3. Bond lengths calculated from the DFT and the MpB models.
NWs+GNRs studied, the DFT shows that the terminal bond
C-GNR is very close to a single bond which in turn deter-
mines the alternating bond character of the NWs.
The DFT and MpB models give magnetic moments and
this analysis helps the understanding of the influence of the
GNR to the effects observed in the NWs (a detailed discus-
sion can be found in the supplementary material34). The MpB
model describes the presence of total magnetic moment in
the odd-NWs case of 2μB for finite NWs (CxH2, x = 9–19)
with magnetic moment per atom of 0.17(0.00) for odd (even)
numbered atoms. For these cases, DFT gives a total mag-
netic moment of 2.0 and the average values for the odd (even)
numbered atoms is 0.17(−0.13). The positive (negative) value
represents the α(β) spin. In this way, in the DFT results, the
negative part is compensated by the positive one of the mag-
netic moment so that the total moment is 2.0. The presence of
positive and negative magnetic moments between neighbor-
ing atoms should be related to Fridel oscillations.30
In the NWs+GNR case, the total magnetic moment is
around 1.5 and each atom numbered with odd (even) index
has a mean value of 0.17(−0.13). The carbon magnetic mo-
ments are in agreement with the results of the finite chains.
The lower value in the total magnetic moment should be re-
lated to the influence of the GNRs on the NW, which confirms
the influence of the tips on the electronic properties of all car-
bons in the NW structure.30, 31
IV. BOND MULTIPLICITY AND FREE ELECTRONS
As discussed in Sec. III, the bond lengths of odd-NWs
also present oscillatory values, similar to the even case. How-
ever, the odd-NWs display a fast decay of bond lengths to a
value near of 1.30 Å at the central bonds of the wires. This
behavior is independent of the NW length and remains un-
changed when the number of atoms increases. The quantity
of atoms only alters how fast the bond lengths decay towards
the value 1.30 Å.
The oscillatory bond length behavior for the even-NWs
(see Fig. 2) indicates a polyyne structure, because the short
and the long bonds are related to the formation of single or
triple bonds in classical chemistry. However, the bond lengths
of our calculations present different values than the expected
for triple and single bonds observed in hydrocarbon com-
pounds such as ethane (C2H6) and ethyne (C2H2), 1.54 Å and
1.20 Å, respectively. We also noted a decaying behavior of
bond lengths as they approach the center of the NWs. In order
to investigate the nature of nanowire bonds, we studied the
bond multiplicity using the method proposed by Nalewajski
and Mrozek.24 The results are shown in Table II.
These results, contrary to the case of small carbon
molecules, do not agree with expected results for single and
triple bonds in the case of carbon NWs, which correspond to
multiplicities 1 (long bond) and 3 (short bond). The values of
multiplicity in the case of even-NWs, Table II, show that val-
ues for even numbered bonds vary from 1.51 (8 atom NW) to
1.63 (18 atom NW) and the values for odd numbered bonds
vary from 2.15 (18 atom NW) to 2.40 (8 atom NW). These
values correspond to bond length alternation but with values
different from the expected 1 and 3.
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TABLE II. Values of the multiplicity of each bond for nanowires attached to graphene nanoribbons (NW+GNRs) and CxH2 molecules. The numbers from
“1” to “9” in the top horizontal line represent the label of each bond (called bond index, as in the previous figures). The “0” labels the bond of nanowire to the
GNR at top table and the bond to terminal H in the bottom table. The first column represents the number of carbon atoms in the chain.
Bond index (NW+GNRs)
Natoms 0 1 2 3 4 5 6 7 8 9
8 1.29 2.40 1.51 2.27 1.52
10 1.30 2.40 1.53 2.27 1.55 2.22
12 1.30 2.39 1.53 2.25 1.57 2.21 1.58
14 1.31 2.36 1.53 2.23 1.57 2.18 1.59 2.19
16 1.31 2.37 1.54 2.23 1.59 2.18 1.61 2.16 1.61
18 1.30 2.36 1.54 2.23 1.59 2.18 1.62 2.16 1.63 2.15
9 1.34 2.24 1.64 1.99 1.80
11 1.32 2.27 1.60 2.04 1.75 1.88
13 1.32 2.30 1.59 2.08 1.72 1.94 1.83
15 1.32 2.30 1.58 2.19 1.69 1.98 1.79 1.88
17 1.31 2.31 1.57 2.11 1.67 2.00 1.76 1.92 1.85
19 1.32 2.32 1.56 2.13 1.66 2.03 1.74 1.95 1.82 1.88
Bond index (CxH2)
Natoms 0 1 2 3 4 5 6 7 8 9
8 0.99 2.64 1.42 2.35 1.47
10 1.00 2.64 1.43 2.33 1.50 2.27
12 0.99 2.63 1.44 2.31 1.51 2.25 1.53
14 0.99 2.62 1.44 2.30 1.52 2.23 1.55 2.21
16 0.99 2.62 1.45 2.30 1.53 2.22 1.56 2.19 1.57
18 0.99 2.62 1.45 2.30 1.53 2.21 1.57 2.18 1.59 2.17
9 1.02 2.52 1.62 2.12 1.85
11 1.00 2.54 1.50 2.08 1.70 1.88
13 0.99 2.54 1.50 2.14 1.66 1.96 1.81
15 0.99 2.55 1.49 2.17 1.63 2.00 1.76 1.88
17 0.99 2.56 1.48 2.19 1.61 2.04 1.72 1.93 1.82
19 0.99 2.57 1.47 2.20 1.60 2.06 1.70 1.96 1.79 1.87
The values of multiplicity of odd-NWs, on the other
hand, show a larger interval due to the faster decaying values
of bonds towards an average value at the middle of the NW,
due to the resonance described earlier by the MpB model.
Table II shows values for even numbered bonds that vary from
1.56 to 1.82 while odd numbered bonds vary from 1.88 to
2.32. Both sets of bonds tend to an average value at the mid-
dle of the NW. From a quantum point of view these results
are expected since the DFT describes the electron delocaliza-
tion. These NWs show a dimer conformation in their bonds,
with bond length alternation of short and long bonds that in
the case of even NWs show a very small decay while the odd
NWs show a fast convergence of bond lengths to an average
value around 1.8. This explains why the MpB model, dis-
cussed in Sec. III, could describe the bond behavior for the
odd-NWs.
To further compare the present results on the light of the
multiplicity analysis, we also calculated the bond multiplici-
ties for the CxH2 chains with the same size of the NW+GNRs
chains. This is helpful because these multiplicities are also
different from the expected values, the ones obtained for the
small molecules (Table I). Table II (bottom) shows the multi-
plicities for the case of the CxH2 chains. As can be observed,
the values of the multiplicities differ from the case of the car-
bon NW+GNRs but show the same trends that differ from
values of small molecules. Therefore, the nanowire bonds are
mainly affected by electron delocalization. The differences
between the two cases, NW+GNRs and CxH2, are caused by
the terminal bond with nanoribbons or H.
In the longer even-NW studied, with 18 atoms, we also
observed a tendency of the bonds, as they approach the center
of the NW, to assume a value around the multiplicity 2 since
we observed the values of 1.63 and 2.15 (see the Table II,
bonds number 8 and 9), respectively. We infer that in a long
nanowire the central region would have a behavior similar to
the infinite carbon nanowire. For this reason we performed
two calculations, namely, a long NW with 62 carbon atoms
and an infinite carbon NW, simulated with a two atom unit
cell. The values for the multiplicities obtained from these cal-
culations gave complementary results. For the case of the long
62 atom NW, the bond order provided values from 1.72 (more
hybridization) to 2.07 (less hybridization) which are in good
agreement with the values for the infinite NW, with values
1.70 and 2.05. These final results are consistent with the val-
ues at the middle of the 18 atom nanowire. We note that the
H−C bonds of the CxH2 molecules are well described with a
value near 1.00.
This analysis allows us to argue that the values of mul-
tiplicity of NWs are reinforced by the chemical bonds at the
tips and this argument explains the values of 1.30 and 2.36
for these bonds (18 atoms nanowire). It also shows that in
general, at regions far from the tips, the bond lengths tend to
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a behavior similar to the infinite nanowire, which explains the
bond length decay observed with the bond index increase also
for the case of the even-NWs in the Fig. 2.
In the odd-NW case, we noted that the values of the
bond multiplicity decay quickly from the tips to the center
of the NW. From results of Table II, the values at the center
of the nanowire approach 1.80 and 1.88. Near the tips, the
values vary between 2.24 and 2.32. In order to understand
this behavior, we calculated the density of states (DOS) of the
nanowires.
In carbon nanowires we expected that bond properties are
defined mostly by the p orbital interactions. However, the un-
derstanding of bond properties from the analysis of the DOS
only is difficult. One helpful way to clarify the role of p or-
bitals is to compare the DOS with other simple models. The
MOT can describe some simple molecules with linear shape
and we conclude that this comparison was helpful in the car-
bon chain study. In this theory, the electrons of a carbon linear
chain are described as free electrons inside a quantum box.
Appendix B shows how to construct the molecular orbitals
under the free electron condition.
As an example of such behavior, Fig. 4 presents DOS
and LDOS (space projected DOS) for the finite NWs with
12 and 13 carbon atoms, namely, C12H2 and C13H2. The ex-
tremities (tips) are saturated with hydrogen. The LDOS sur-
faces presented in the lower panels are constructed consider-
ing the energy interval of the numbered DOS peaks displayed
in the top panels. We also show the LDOSs (molecular or-
bital) calculated from the MOT theory that are equivalent to
the DOS peaks of Fig. 4 (upper panel). In the MOT, they are
constructed with two p orbitals: px and py. The cylindrical
form of the orbitals is due to the combination of the two p
FIG. 4. Comparison of DFT and MOT results. (a) and (b) DOS (peaks) and
LDOS (surfaces) for C12H2 and C13H2 nanowires, respectively. The numbers
above the peaks are related to the numbers at the right of LDOS surfaces.
The LDOSs are calculated with DFT and molecular orbital theory (MOT) for
each nanowire and are labeled at the left each panel (a) and (b) as “DFT” and
“MOT.”
FIG. 5. DOS and LDOS calculated by DFT for the cases of the NW+GNR
with 12 (a) and 13 (b) carbon atoms. The index above the peaks is related
to the index in front of the LDOS. The α and β represent the spin of the
electrons.
orbitals. We focused on the more energetic peaks of the filled
states. A comparison of the two theories shows good agree-
ment, indicating that the quantum states calculated from DFT
are similar to the free electron states from MOT. Since these
electrons came from p orbitals, these states are responsible for
the π -bonds of double and triple bonds of the carbons chain
atoms.
Figure 5 depicts the DOS and LDOS for the cases of
the NW+GNR with 12 and 13 carbon atoms (see Fig. 1).
The structures are slightly different from the CxH2 ones, but
LDOS states are in good agreement with the ones obtained
for the finite nanowires C12H2 and C13H2 (Fig. 4). There-
fore, many of the chemical and physical characteristics of
NW+GNR are very similar to the quasi-free electrons behav-
ior. Since the states in the finite nanowires agree with the free
electron model, we would expect that the carbon nanowires
attached to GNRs will be good conductors.
V. ELECTRONIC TRANSPORT
Electronic transport was calculated using the DFT elec-
tronic states discussed in Secs. II–IV. Figure 6 shows the
transmittances for nanowires with 8–19 carbon atoms. The
peaks around ±1.0 eV tend to move towards the Fermi energy
(EF) as the number of atoms increases in the NWs. The be-
havior seen at ±1.0 eV peaks is the same observed in shorter
wires connected to metals32 and should represent a general
behavior. In the even-NWs, there are peaks around +0.5 eV
that move toward EF in both α and β transmittance channels.
The case of odd-NWs presents peaks of β spin at the Fermi
energy and these peaks are almost independent of chain size.
A comparison of the transmittance for the even and
odd cases shows that the most significant differences are in
the peaks at −0.5 eV and +0.1 eV for the odd case and in the
peaks between 0.0 eV and +0.7 eV for the even case. In the
odd-NW, the peak at −0.5 eV is responsible for the mag-
netism discussed in Secs. II–IV. The DOS in Fig. 5(b) con-
firms this feature and also shows that the related state in the
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FIG. 6. Panels (a) and (b) are the transmittances for even and odd nanowires,
respectively. In each panel, the top and bottom panels present α and β trans-
mittances, respectively.
other spin direction is above the Fermi energy at +0.1 eV.
Using the MOT interpretation, the peaks at −0.5 eV and
+0.1 eV are the same state for the two spin directions, re-
spectively. One is occupied by electrons (below Fermi level)
and the other is unoccupied (above Fermi level). These DOS
peaks, despite of being located in alternate atoms of Fig. 5(b),
present a good transmittance. These results indicate the pos-
sibility of good conduction if a bias is applied to the system.
Nevertheless, this analysis indicates that only the odd-NWs
can produce polarized current and this is due mainly to the
peak at the Fermi level.
The even wires in Fig. 6(a) do not have a robust trans-
mittance around the Fermi level, suggesting that the current
will be low at finite bias with low values such as in the range
of −0.2 V to +0.2 V. The transmittance curves also suggest
that the current is proportional to both the bias values and the
number of atoms in the nanowire. In other words, if we in-
crease the bias value or the number of atoms in the chain, the
current value should increase.
Figure 7 shows the current of NW+GNRs under finite
bias from 0.0 to 1.0 V. We should remark that the bias value
Ebias is the difference of energy between the electrodes and
-4
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FIG. 7. The electric current for NW+GNR structures. (a) The even-NW
cases. (b) The odd-NW cases. The top panels show the total current (sum
of spin contributions), I+ = Iα + Iβ . The bottom panels present the current
difference, I− = Iα − Iβ .
therefore the values at left and right electrodes are +0.5Ebias
and −0.5Ebias, respectively.
The even-NW case of Fig. 7(a) shows a simpler behav-
ior (almost linear) than the odd-NW case of Fig. 7(b). The
total current increases with the bias value. This behavior is in
agreement with our previous analysis of transmittance, and is
related to the peaks around +0.5 eV of Fig. 6(a). The values
of the total current at bias 1.0 V are 4.32 μA and 7.87 μA for
the nanowires with 8 and 18 atoms, respectively.
The odd-NW case presents a total current (sum of the α
and β channels) with a large value, between 10.18 μA and
17.39 μA at 1.0 V . The value of the current decreases with
the number of atoms in the nanowire. The difference in the
current shows a spin polarization, with values in favor of the
β channel for bias up to the value of the 0.8 V. The 19 atom
nanowire has a spin polarization up to the value of bias volt-
age of 0.6 V. At 0.4 V, the NW with 9 atoms achieves the
value of −4.50 μA and the 19 atom NW achieves the value of
−2.23 μA. At bias 1.0 V , the odd-NWs present a polarization
with values of +0.05 (9 atom NW) and +1.56 (19 atom NW).
The analysis of the transmittance confirms the behavior
of the current for odd-NWs. At low bias, the peak at the Fermi
label is responsible for the highest electric conduction. At
1.0 V bias, the peak at −0.5 eV associated to α states in-
creases the current of α channel. The transmittance curve Tβ
of Fig. 6(b) shows that the peak size at Fermi level does not
change significantly with the number of atoms in the NW,
but Fig. 7(b) shows a current reduction at the bias value of
0.4 V. This indicates that there is a current resistance related
with the number of atoms in the NW for Tβ channel.
Our previous analysis indicates that, as the number of
atoms increases, the current also increases for the even-
NWs, while the opposite behavior occurs for the odd-NWs.
Figure 6(a) shows that the transmittance peaks T(E) around
the value of +0.5 eV should contribute for the increment of
current at bias 1.0 V. The 9-atom NW presents a peak below
+0.7 eV. As the number of atoms is increased this peak moves
down towards EF, to values below +0.5 eV, therefore a larger
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FIG. 8. The transmittance for the nanowire with 13 atoms attached to GNRs.
The curves are related with the number of atoms that is used to construct the
GNRs of the electrodes (6 and 12 atoms).
contribution from the electronic states comes into play. This
explains the enhancement of current with the nanowire size.
We also note that the peaks around +0.5 eV in the α and β
channels are not symmetric, which causes the anisotropy in
the transmittance in the even-NWs.
The odd-NWs exhibit changes in peaks at ±0.5 eV (see
Fig. 6(b)) but these changes are not of the same magnitude
as the ones discussed in the even case (where the location
of the broad peaks depends on the number of atoms in the
NW). The electronic states in the ±0.5 eV energy window,
displayed in the transmittance curves, are not clearly reflected
in the current × voltage behavior of Fig. 7(b). From the clas-
sical viewpoint of conduction, the current in the odd-NWs
is in agreement with a “metal” type behavior, in which the
current modulus decreases with the increase in conductor
length.
In order to determine the stability of the transport in odd-
NWs, we considered the 13 atom NW case and increased
the GNR width (see the Fig. 1) from 6 to 12 atoms in the
cell used as base to construct the electrodes. The transmit-
tances in Fig. 8 show that the peaks at −0.5 eV and at the
Fermi level have the same height. The magnitudes for the
two cases have almost the same value at the bias of 0.3 V:
3.861 μA (6 atoms GNR) and 3.667 μA (12 atoms GNR) in
the α channel, and 0.789 μA (6 atoms GNR) and 0.416 μA
(12 atoms GNR) for the β channel. Thus, the transport is still
robust, evidencing good stability. Another interesting point is
the spin configuration of GNRs used as electrodes. Consider-
ing an anti-parallel orientation (AP) of the magnetic moments
of the ribbon edges used as electrodes,8 our transport calcu-
lations show a poor current value, about 106 lower than the
values presented in Fig. 7. This occurs because there is a gap
of states around the Fermi energy in AP ribbons.8 Therefore,
it is important the presence of states at the Fermi level for
ribbons used as electrodes to achieve a robust current value
through the wire in low voltage regimes. This behavior sug-
gests that the wires attached to such GNRs could be used as
current switches at nanoscale under the presence of magnetic
field.
VI. CONCLUSIONS
In conclusion, we performed state of the art DFT SIESTA
calculations of electronic, structural, and transport properties
of linear atomic chain NWs attached to GNRs. In order to
provide a simple physical interpretation of our DFT results
we proposed two simple models (MpB and MOT) based on
p-orbital interactions, to achieve a qualitative explanation of
the results.
Our DFT calculations show bond length oscillation be-
tween the carbon atoms. In the even-NWs case, the bond
lengths at the beginning of the wire (i.e., at the tips of wire)
vary between 1.35 Å and 1.26 Å. These variations in bond
lengths change to 1.34 Å and 1.28 Å for bonds at the cen-
ter of wire. These values are different from those exhibited
by simple hydrocarbon molecules: 1.54 Å and 1.20 Å. Odd-
NWs also display oscillatory behavior, but the decay of bond
length oscillation is much more pronounced than in the case
of even-NWs. This indicates that the wires do not behave as
the structures known as cumulene and polyyne. In order to
confirm this, we performed calculations of the multiplicity of
bonds to infer which kinds of bonds occur between the atoms:
simple (1), double (2), or triple (3). Our results show that the
DFT calculations produced values different from the expected
integers 1, 2, and 3. In even-NW, the multiplicity values at the
center of the wires tend to values of 2.15 and 1.63 for the
wire with 18 atoms. These multiplicities at the center are sim-
ilar to the obtained ones for an infinite carbon NW and evi-
dences dimerization of the chain. In the odd-NWs case, val-
ues change from 2.32 and 1.56 at the tips to 1.88 and 1.82 at
the center of wire. Therefore, the multiplicity values are dif-
ferent from the expected values in the cumulene and polyyne
structures.
The structural forms of the odd-NWs (altered polyyne-
type) are in agreement with the proposed MpB model, indicat-
ing that the interactions in odd atom nanowires are dynamic
and should be related to the mobile π -bonds and the unsatu-
rated carbon, generating a spin polarization at odd numbered
atoms in the NWs. The MpB model captures some aspects of
the decaying size of bond lengths in odd NWs, strengthening
that the simple picture of static single and triple bonds is not
enough to describe the bond lengths in this case.
In order to give a simple physical interpretation to DFT
calculated density of states, we used a free electron model to
construct molecular orbitals. This model agrees with DFT re-
sults and describes the electronic properties of the NWs. The
reason is due mostly to the p-orbitals of the carbon atoms,
since they are close to the Fermi energy and play the main
role in the effects studied. This allows a separate treatment of
the electrons that occupy these orbitals from the electrons that
make σ -bonds. In this picture, we can use the model of free
electrons to study the DFT states distribution throughout the
chain. In order to clarify the role of the free electrons, calcu-
lations of simple finite CxH2 chains (where x is the number of
carbon atoms in the chain and varied from 8 to 19 atoms) of
the same size as the NW+GNRs were performed. The analy-
sis indicates that simple CxH2 chains stay in good agreement
with the results obtained from the free electron model. The
nanowires attached to GNRs preserve many characteristics of
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the density of states of the simple CxH2 chains, suggesting
that the electrons in the nanowire remain almost free. This
conclusion indicates that the carbon nanowires are good con-
ductors with the p-orbitals playing a major role.
The quantum transport properties were also discussed.
The transmittance exhibits a good possibility of electron con-
duction in one channel of spin (a polarized current) for odd-
NWs. The transmittance of even-NW chains also exhibits the
possibility of conduction in both spin channels. The study
of current at finite bias shows that the behavior of the con-
duction presents features not observed in the transmittance
analysis. From our explanation about the current curves, we
conclude that the odd-NWs are better conductors than the
even-NWs for bias up to 1.0 V. In addition, the odd-NWs
present a remarkable current spin polarization at the bias
value of 0.4 V. Odd-NWs present a current that decays with
the number of the atoms in the chain. The even-NWs present
the opposite behavior, an intensification of current with the
number of atoms.
Therefore, the ab initio DFT results compared with sim-
ple models (that evidence the most important features de-
scribed by the DFT) results provide a nice way to interpret
and understand the physics of the new carbon nanowires that
could be useful to indicate ways of producing new devices
based on these building blocks, namely, NWs and GNRs.
ACKNOWLEDGMENTS
The authors acknowledge financial support from the
Brazilian Funding Agencies FAPESP, CNPq and CAPES.
E.Z.S. is supported by FAPESP (Project No. 2010/16970-
0), CNPq (Grant No. 304068/2011-0). R. Y. Oeiras was sup-
ported by CNPq (Grant No. 500582/2011-4). The authors
thank NACAD-COPPE/UFRJ, CENAPAD-SP, and IFGW-
UNICAMP for the use of computational facilities. We thank
Miguel San Miguel and Rickson Mesquita for a critical read-
ing of the manuscript.
APPENDIX A: CALCULATION OF CHARGE AND BOND
ORDER MATRIX FROM DFT DENSITY
The charge and bond order matrix is calculated from
P = SDS, (A1)
where the matrices S and D are the overlap and the density
matrix from the DFT code. This P matrix is described by the
same basis set of density matrix D.
The next step is the change of description of the P matrix
to the natural orbital basis. The method used here is based on
previous works.33
The P matrix must be symmetric and the DFT code used
in this work uses the multiple-ζ scheme18 that needs a mod-
ification of the symmetrization process of calculation. The
atomic orbitals are orthogonal to each other, but the orbitals
with the different ζ label are not orthogonal. Using a simple
arithmetic mean we can construct a symmetric matrix:
˜PA,1 =
1
N1
N1∑
i
PA,i , (A2)
˜PA,2 =
1
N2
N2∑
i
PA,i . (A3)
Here, we considered only two ζ ’s, because this is the ba-
sis size used in our calculations. The A index represents an
atom of the molecule and the  is a quantum number and de-
fine the atomic orbitals (s and p for carbon atom). N1 is the
total number of orbitals related to the  index. In the carbon
case, there is one 1s orbital and with the ζ = 2 there are two
orbitals: the 1s1 and the 1s2. The same is valid to p orbital
case. N1 is the number of orbitals with the same number  and
the same ζ ’s value. The N2 is the number of orbitals with the
same  and different ζ ’s: N2 = N1/2. The 1 and 2 indexes in
˜P refer to the terms with the same and different ζ numbers,
respectively. In summary, the first sum considers the orbitals
with same A, , and ζ ’s. The second sum considers the orbitals
with same A and , but with different ζ ’s. The same process
is repeated for the overlap matrix S.
We apply a Löwdin symmetrization:
˜PA,L = ( ˜SA,)−1/2 ˜PA, ( ˜SA,)−1/2. (A4)
The matrix ˜PA,L is used for the eigenvalues and eigenvec-
tors problem:
˜PA,L V
A,
L = VA,L WA,, (A5)
where VA,L and WA, are the eigenvectors and eigenvalues,
respectively. Each block of matrices WA, is used to construct
the matrix W and to define the transformation matrix:
T′W = W(WSW)−1/2. (A6)
This matrix is used in the density matrix of the DFT:
D′ = T′†W DT′W . (A7)
We applied the same process of the eigenvalues (V) and
eigenvectors (W) of Eq. (A5) in the matrix D′. This last step
provided the matrices to write the final transformation:
TW = W(WSW)−1/2V. (A8)
Equation (A8) is applied to the DFT density matrix D to
obtain the charge and bond order matrix in the natural basis:
PN = T†W DTW . (A9)
This transformation is almost the same of the work,33
but we disregard the Rydberg sets in our calculation, because
the contributions are very low (less than 1%) to the carbon
molecules cases. In the DFT code used, there are two density
matrices, one for each electron spin.
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APPENDIX B: THE FREE ELECTRON MODEL
FOR MOLECULAR ORBITAL CALCULATION
The carbon atomic chain with hydrogen bonds at the tips
allows the use of molecular orbital theory to describe the
quantum states in this type of finite size structures. In this
case, there is a difference in energy between the π and the σ
bonds. Therefore, they are treated without interaction to each
other. In simple cases, this is the Hückel approximation.
The molecular orbital origin is due to the chemical bonds
formed in carbon atoms. The shape of these orbitals can be
constructed by linear combination of p orbitals. The popula-
tion weight of p orbitals allows the construction of the wave
function of the molecular orbital:
ψ =
N∑
i=1
ciφi . (B1)
The ci weight population of the φi orbitals (in the
graphene case they can be the pz orbital) can be calculated by
the Huckel method. N is the number of p orbitals present in
the linear chain. Another way to calculate the ci coefficients
(and simpler) is through the free electron model. The elec-
trons with p orbitals are considered free in the region of the
molecule and behave like a particle in a quantum box. The
coefficients can be estimated from
cni =
√
2
N + 1sin
(
inπ
N + 1
)
. (B2)
The index n represents each molecular orbital. The
electrons populate the molecular orbital from n = 0 to
n = +∞.
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